Please cite this article as: Rajaeifar M.A., Tabatabaei M., Abdi R., Latifi A.M., Saberi F., Askari M., Zenouzi A., Ghorbani M. Attributional and consequential environmental assessment of using waste cooking oil-and poultry fat-based biodiesel blends in urban buses: a real-world operation condition study. Biofuel Research Journal 15 (2017) Attributional and consequential environmental assessment of using waste cooking oil-and poultry fat-based biodiesel blends in urban buses: a real-world operation condition study Urban public transportation sector in general is heavily dependent on fossil -oriented fuels, e.g., diesel. Given the fact that a major proportion of urban pollution and the consequent threats towards public health are attributed to this sector, serious efforts at both technical and political levels have been being made to introduce less-polluting fueling regimes, e.g., partial replacement of diesel with biodiesel. In line with that, the present study was aimed at evaluating the emissions attributed to 5% blends of waste cooking oil (WCO) and poultry fat (PF) biodiesel fuels (i.e., B5-WCO and B5-PF fuel blends) when used in urban buses during idle operation mode. Moreover, the attributional and consequential environmental impacts of using these fuel blends were also investigated through a well to wheel life cycle assessment (LCA) by considering the real-world condition combustion data using ten urban buses. The findings of the ALCA revealed that the application of 1 L B5-WCO fuel blend could potentially reduce the environmental burdens in human health, ecosystem quality, and resources damage categories compared with using the B5-PF fuel blend. The situation was opposite for climate change damage category in which using 1 L B5-PF fuel blend had a lower impact on the environment. Overall, the environmental hotspots in the B5-WCO and B5-PF life cycles were identified as the combustion stage as well as the diesel production and transportation. From the consequential perspective, using 1 L B5-WCO fuel blend could potentially decrease the environmental burdens in human health, ecosystem quality, and resources damage categories. While, the situation was different for climate change damage category where using 1 L B5-PF fuel blend could have a lower impact on the environment. In conclusion, using B5-WCO fuel blend as an alternative for diesel could be an environmentally-friendly decision for the Iranian urban transportation sector at the policy level as long as the marginal suppliers of oil would be the same as the countries considered herein, i.e., Malaysia and Argentina.
Introduction
It is obvious that the current modern world heavily relies on fossil resources in order meet its increasing energy demands. Statistically, more than 80% of the current world's energy consumption is fossil-based (Aghbashlo et al., 2017) , and projections show that the world's total energy consumption will reach a staggering 815 quadrillion British thermal unit (BTU) in the year 2040 (i.e., 48% increase compared with that of the year 2012), out of which 78% will be of fossil fuels origin (Ashokkumar et al., 2017) . Major concerns associated with such high share of fossil fuels in the global energy basket is their negative impacts on human and environmental health through the widespread utilization of these fuels and the resultant greenhouse gases (GHGs), particulate, and many other respiratory emissions (Cohen and Pope, 1995; Caldeira and Wickett, 2003; Demirbas, 2007; Covert et al., 2016; Röllin, 2017) . Therefore, most energy scenarios have been based on the development and expansion of nuclear and renewable energy carriers (Carneiro et al., 2017) .
The negative health impacts of fossil fuels combustion are more intense in cities where more than half of the world's population resides (Hoornweg and Bhada-Tata, 2012) . Different sectors including transportation, business and household, as well as primary electricity generation are the main emitting sectors located inside or in the vicinity of major cities. Unfortunately, these sectors are predominantly dependent on fossil fuel resources and are responsible for high level of anthropogenic air pollution and GHG emissions in metropolitans. For instance, approximately 95% of the energy demands in the transportation sector is is met by fossil-oriented fuels . Therefore, the application of renewable energies such as biofuels is regarded as a key mitigation strategy for these sectors.
Among different renewable energies, liquid biofuels such as biodiesel are considered as promising alternative to liquid fossil fuels in-use such as petroleum diesel. Accordingly, numerous studies have been carried out to investigate engine performance and tailpipe emission characteristics of biodiesel (Ashraful et al., 2014 ; Attia and Hassaneen, 2016; Thangaraja et al., 2016; Al-lwayzy and Yusaf, 2017). Most of the reports indicate that biodiesel generally reduces PM, CO, and unburned hydrocarbons (UHC) emissions while decreases carbon deposits and wears of the key parts of engines as well. On the other hand, although some reports claim reductions in engine power at high biodiesel inclusion rates (Mohammadi et al., 2012 ) no significant variations in this criterion were observed when low biodiesel inclusion rates, e.g., between 2 to 5%, were investigated (Xue et al., 2011) .
It should also be highlighted that the majority of the above-mentioned studies were conducted under steady-state conditions (laboratory chassis dynamometer tests) and only very few reports are available in which real-world conditions were considered. Obviously scrutinizing the impacts of biodiesel under real-world conditions (i.e., using vehicles serving under routine working conditions and exact driving cycle) would lead to be more realistic results compared with results obtained under theoretical cycles or alternatively driving cycles based on average data collected on drivers` behavior and vehicle vs. road conditions. The latter is generally used in steady-state combustion tests. Table  1 tabulated the findings of a number of research studies conducted under realworld operation conditions in different parts of the world. However, these studies suffer from one or more of the following weakness, i.e., 1) uncertainty in the statistical analysis implemented, 2) uncertainty in the driving cycle used, and 3) using out of standard biodiesel.
It should also be noted that either under steady-state or real-world conditions, combustion is not the only stage which should be considered in analyzing the pros and cons of biodiesel implementation in transportation fleets. In better words, a sustainable use of biodiesel should be inspected through all the stages involved, i.e., from raw material extraction to biodiesel consumption. In such context, life cycle assessment (LCA) could be used effectively in order to assess the environmental impacts of a dedicated biofuel throughout its life cycle on a cradle to grave basis. This technique has been broadly implemented to support the sustainability criteria of various renewable energy systems (Khoshnevisan et al., 2016) , i.e., their energy, environmental and economic aspects. A summary of LCA studies on biodiesel production/consumption and their technical features are presented in Table 2 . It should be noted that the impacts of biodiesel on various impact categories could be different depending on feedstock used for biodiesel, fuel properties (e.g., viscosity, cetane number, etc.), engine characteristics, and operating conditions . Accordingly, most of the reviewed studies, tabulated in Table 2 , suffer from one or more of the following weaknesses, i.e., 1) incomplete impact coverage, 2) overlooking one or some of the stages involved in the life cycle (well to tank analysis), and 3) using steady-state or database combustion data. Moreover, most existing LCA studies are based on the attributional approach, but the tendency is for studies to increasingly employ the consequential approach (Dalgaard et al., 2008) .
Therefore, the present study was set in order to address the shortcomings found in real-world operation studies on biodiesel ( Table 1 ) and those present in LCA of biodiesel ( Table 2) . More specifically, the emissions attributed to waste cooking oil (WCO) and poultry fat (PF) biodiesel blends when used in urban buses were measured in idle operation mode using an accurate statistical analysis. It should be mentioned that measuring emissions in idle operation mode is very important since idle engine operation of vehicles, usually taking place during heavy traffics or at stations, is associated with significant negative health and environmental impacts (Nerella, 2010) . The attributional and consequential environmental impacts of the investigated biodiesel fuels were also evaluated through a well to wheel LCA by considering the real-world condition combustion data using ten urban buses.
Materials and Methods

Feedstock preparation and biodiesel production
The first stage of the present study included collection, transportation, and preparation of WCO and PF as the main feedstocks for biodiesel production. More specifically, WCO was collected from restaurants while rendered PF was collected from poultry rendering plants. The specific location of the restaurants, the rendering plants, and the biodiesel production center as well as the transportation method are explained in the LCA inventory data.
The presence of water and free fatty acids (FFAs) in the feedstock could significantly affect the transesterification of glycerides with alcohols, decreasing reaction efficiency especially when alkali catalysts are used (Ma and Hanna, 1999; Van Gerpen, 2005) . Therefore, the second stage included the pretreatment of the feedstocks to meet the standards required for biodiesel production. Accordingly, the water content of the WCO and the PF were removed by heating and sedimentation method. To address the FFA content problem, following the determination of FFA content, an extra amount of alkali catalyst was added in the transesterification reaction as previously suggested by Clements and Gerpen (2004) . Briefly, the total FFA content of the oils were determined by a titrimetric method as described in the ISO 660 (ISO:660, 2009) and the amount of the additional alkali catalyst used was calculated using the equations proposed by Clements and Gerpen (2004) . Finally, the prepared oils were sent to a conventional reactor (a batch reactor, 3000 L capacity with an automatic stirring and a temperature control, equipped with a bubble washing system) in which it reacted with methanol (as alcohol) in the presence of potassium hydroxide (KOH) as catalyst. It is also worth quoting that the properties of the produced biodiesel were finally examined based on procedures set forth by the ASTM D 6751.
Test vehicles, facilities, and experimental procedure
The third stage of the present study was to assess the tailpipe idle emissions of the WCO-and PF-based biodiesel blends in urban buses. In order to reach this goal, 10 urban buses from the public transportation system of Tehran metropolitan was selected as case study. Tehran metropolitan, the capital of Iran, is the most populated area in the country with more than 12 million inhabitants as announced in the year 2017. The region covers an area of 730 km 2 encompassing 22 districts each governed by a semi-autonomous municipality. The public transport infrastructure in Tehran consists of a road network throughout the city and an underground metro-rail network. The road public transportation network is mainly handled by Tehran Urban Bus Company managing 310 lines covering more than 3000 km in length as well as Tehran Taxi Company managing 450 lines covering more than 4291 km in length. The underground metro-rail network is also managed and facilitated by Tehran Urban & Suburban Railway Operation Company covering 6 main lines and more than 189 km in length (TehranMunicipality, 2017).
Please cite this article as: Rajaeifar M.A., Tabatabaei M., Abdi R., Latifi A.M., Saberi F., Askari M., Zenouzi A., Ghorbani M. Attributional and consequential environmental assessment of using waste cooking oil-and poultry fat-based biodiesel blends in urban buses: a real-world operation condition study. In order to perform the experiment at this stage, the urban buses selected were among the most commonly used type of bus engines in the Tehran public transportation fleet, i.e., Renault-Shahab Khodro buses. Table 3 shows the engine specifications of the buses under investigation in the present study.
Idle-emission testing was conducted on-site at the location of the Station 9 of the Tehran Bus Company throughout February 2016. Since the measurements were focused on hot-start emissions; therefore, the vehicles were warmed up for 15 min before the emissions measurement were carried out. Subsequently, the tailpipe emissions were measured during low-speed and high speed of the engine under idle condition. The fuels tested were B5-WCO (5% WCO-biodiesel blended with 95% fossil diesel), B5-PF (5% PF-biodiesel blended with 95% fossil diesel) and neat fossil diesel. In fact, in order to improve the reliability of the results, a control treatment was also included (i.e., petroleum diesel No.2) and its resultant tailpipe emissions were assessed.
Emissions measurements were performed using an AVL emission tester series 4000-Dicom 4000 (Austria), capable of measuring CO, CO2, NOx, HC, O2 gases as well as λ (air-to-fuel equivalence ratio) and k-value (Absorption) indices. The analyzer set-up was connected to the exhaust pipe as shown in Figure 1 .
In order to reduce the uncertainty in the statistical analysis, a completely randomized design (CRD) was implemented and the impacts of the abovementioned biodiesel blends (as main treatments) on the tailpipe emissions under idle condition using 10 buses (replications) were investigated. The impact of the above mentioned fuels were finally analyzed and compared using a statistical analysis software, i.e., SPSS 19 spreadsheets. Please cite this article as: Rajaeifar M.A., Tabatabaei M., Abdi R., Latifi A.M., Saberi F., Askari M., Zenouzi A., Ghorbani M. Attributional and consequential environmental assessment of using waste cooking oil-and poultry fat-based biodiesel blends in urban buses: a real-world operation condition study. 
Life cycle assessment (LCA)
The final stage of the present study included performing an LCA according to the ISO standards on LCA (ISO, 2006a (ISO, , 2006b ). The methodological aspects are explained in the following sub-sections.
Goal and scope definition
As mentioned earlier, the goal of the present LCA study was to evaluate the environmental impacts of using WCO-and PF-based biodiesel in urban buses.
In order to reach this goal, two fundamentally-different approaches were employed, i.e., attributional and consequential LCA. Accordingly, the scope of the attributional life cycle assessment (ALCA) consisted of the major stages involved in the life cycle of any second-generation biodiesel fuels, including feedstock collection, biodiesel production and combustion of the fuels. While in the consequential life cycle assessment (CLCA), the system boundaries were expanded so that the agricultural production of the marginal products as well as the oil mill stage and transportation of the marginal products were also considered in the calculations. In order to avoid any confusion, the system boundaries are comprehensively explained in the following. It is also worth quoting that the functional unit (FU) of the present LCA study was considered as the combustion of 1 L B5 from the WCO or PF in the urban buses under investigation.
Attributional life cycle assessment
In an ALCA study, the environmental burden of a product/service is assessed assuming a status quo situation describing the environmentally relevant flows to and from a life cycle and its subsystems (Finnveden et al., 2009; Wiloso and Heijungs, 2013) . Although this method could potentially help to find the main hot spots in a given life cycle chain as well as the share of certain emissions, or flows to an impact category, it could not help with policy decisions since its purpose is not to support changes in future (including demands in global/local market, technology, and economy). Moreover, the application of the ALCA approach in bioenergy chains could also help to find the effect of changing feedstocks, changing production processes, or improving efficiency on the main environmental emissions from bioenergy systems (Wiloso and Heijungs, 2013) . Figure 2 shows the system boundary of the ALCA performed in this study. Accordingly, two scenarios were defined as follows:
A.
Combustion of B5-PF (attributional modeling) B.
Combustion of B5-WCO (attributional modeling)
Consequential life cycle assessment
In a CLCA method, the attempt is to investigate the degree of changes in the environmental flows (resource use and emissions) in response to possible decisions (Finnveden et al., 2009 ). This question is mainly answered by defining futuristic scenarios in which the main attempt is to, 1) model the technology (or processes) actually affected by a change in demand (which is called the marginal technology), and 2) avoid co-product allocation through system expansion (Dalgaard et al., 2008) . Nevertheless, in the ALCA approach, average technology (instead of marginal) is used and co-product allocation is often .
performed (based on mass, energy or economic value of the product and coproducts) (Weidema, 2003) .
A consequential look at the scenarios A and B highlights the question that what most probable changes could be expected in response to the use of PF or WCO for biodiesel production. In order to address this question, the first step was to find out the other applications (rather than the use for biodiesel production) of PF and WCO in the local market. Accordingly, it was determined that PF was often used by poultry feed production industry in Iran while WCO was either disposed of or sold to soap companies for soap production. Therefore, the used oil for biodiesel production, i.e., rendered PF or WCO must be compensated by the marginal supplier(s). Figures 2 and 3 show the system boundaries of the CLCA performed for PF-and WCObiodiesel fuels in this study, respectively. Accordingly, the following two scenarios were defined:
C.
Increased combustion of B5-PF (consequential modeling)
As mentioned earlier, the most common use of PF in Iran is in the poultry feed production. Therefore, when PF is used for biodiesel production, its demand in the market is bound to increase and consequently two situations may arise: 1) increased production of PF to meet the new demands or, 2) using alternative sources to PF by poultry feed producers. However, since the economic value of PF is far lower than that of poultry meet, it could be assumed that an increase in the demand for PF and consequently in its price would not serve as a motivation for the poultry farmers to increase their poultry production to keep up with the PF demand in the market. On the contrary, feed producers would be better off finding a substitute for PF. Such assumption was in fact previously supported by the findings of Jørgensen et al. (2012) . Accordingly, they reported that the total fat removed from the feed (by excluding 1 kg of PF from the feed market) could be compensated by 0.67 kg of palm oil and 0.34 kg of soybean oil (Jørgensen et al., 2012) . In the present study, the marginal supplier of palm oil was assumed to be Malaysia from which most of palm oil is imported into Iran ( Fig. 3) . In fact, Malaysia is identified as the marginal oil supplier in the global market by many researchers (Schmidt and Weidema, 2008; Escobar et al., 2014) . For the soybean oil, Argentina was chosen as the marginal supplier of oil due to the fact that this country was the main producer of the soybean oil imported to Iran. It is also worth quoting that in the present study, it was assumed that agricultural production was increased by only area expansion instead of intensification. This was attributed to the fact that the latter would be more uncertain and complicated since it would require prediction of the changes in type and amount of inputs needed to increase crop yields (Escobar et al., 2014) .
Scenario C also has another important indirect aspect which is the production of palm kernel meal and soybean meal as co-products of the oil extraction processes (Fig. 3) . These meals are in fact the indirect functions of the system since they could be used as animal feed. On the other hand, Brazil is generally considered as the long-term marginal supplier of soybean meal (Reinhard and Zah, 2011) (and is also the largest soybean meal exporter to Iran). Consequently, the additional meals produced under this scenario (by Malaysia and Argentina) are expected to partially decrease soybean meal production in Brazil (Fig. 3) . Therefore, the amount of marginal meal (Soybean meal in Brazil) substituted by palm kernel meal or soybean meal was estimated according to the protein and energy contents of the meals reported by Reinhard and Zah (2011) .
Finally, the loop between palm oil/palm kernel meal in Malaysia, soybean oil/meal in Argentina, and soybean oil/meal in Brazil were identified as presented in Figure 2 . When the production of soybean meal in Brazil decreases, the amount of soybean oil (from Brazil) in the international market decreases as well, which is again compensated by the marginal supplier of oil, i.e., palm oil Malaysia. This loop iterates till the flows trend against zero, causing a net increase in production of palm oil in Malaysia (62.35 g) and a decrease in production of soybean meal in Brazil (95.22 g). 
D. Increased combustion of B5-WCO (consequential modeling)
In scenario D, WCO was subjected to biodiesel production and therefore, the market would witness increases in WCO prices or lack of supply. Therefore, soap companies would tend to look for other economically reasonable substitutes for WCO such as palm oil. As shown in Figure 4 , Malaysia was assumed as the marginal producer of palm oil. Accordingly, WCO was substituted by the marginal oil at the ratio of 1 to 1 (by weight). The idea of substitution of various oil feedstock such as rapeseed, sunflower, soybean, and palm oil for different applications in the market was previously introduced by Schmidt and Weidema (2008) . However, this idea would not be logically applicable in the poultry feed industry (i.e., scenario C in which PF should be compensated by an appropriate amount of alternatives). Similar to scenario C, increasing palm oil production in Malaysia would result in more palm kernel meal delivered to the global market causing a decrease in the most frequentlyused protein source, i.e., soybean meal from Brazil. The amount of marginal meal (soybean meal in Brazil) substituted by palm kernel meal was also estimated according to the protein and energy contents of the meals reported by Reinhard and Zah (2011) .
Finally, the loop between palm oil/palm kernel meal in Malaysia and soybean oil/meal in Brazil was assumed to iterate till the flows trend against zero. More specifically, when the production of soybean meal in Brazil decreases, the amount of soybean oil in the international market decreases as well, which is again compensated by the marginal supplier of oil, i.e., palm oil Malaysia. This loop would eventually cause a net increase in the production of palm oil in Malaysia (50.5 g) and a decrease in production of soybean meal in Brazil (2.21 g).
Life cycle inventory -Scenarios A and B
The foreground data set for collection, transportation, and transesterification of WCO and PF were collected through the course of this study. Moreover, the combustion data were examined through a set of test explained in Section 2.2. The restaurants (providing WCO), the stores (providing the raw PF), the rendering plants (providing rendered PF), and biodiesel production center were located in Karaj metropolitan (Alborz province, Iran); 20 km west of the Iranian capital, Tehran. However, since the real-world driving tests were performed in Tehran, and also in order to avoid uncertainty in the transportation stage, the transportation distance between diesel stations and the real-world driving test garage as well as the distance between the biodiesel production center and the real-world driving test garage were disregarded in the calculations. While the collection of WCO and PF within the city as well as the transportation of WCO and rendered PF to the biodiesel production center were included in the calculations. These transportations were performed by the most common type of medium-sized pickup trucks in Iran (i.e., Nissan Junior) with the nominal capacity of 2.2 tons. Moreover, mineral oil transportation was assumed to be carried by pipelines from Marun oil field (located in the Khuzestan province of Iran: 30°51′13″N 49°50′19″E) to Tehran province (Tehran Oil Refinery Company: 35°32'29.9"N 51°24'58.1"E). Then, the refined diesel from the oil refinery was transported to the stations by 18000 L diesel tanker trucks.
While the foreground data set including all the inputs and their related emissions were calculated for each stage, the background data set for the production of all inputs were adopted from the Ecoinvent v.3.3 database. It should also be noted that since these scenarios (A and B) were attributional, the electricity consumption was modeled as an average of all electricity sources within the country (Production Mix) including the average distribution losses in the grid.
-Scenarios C and D
The foreground data set for scenarios C and D encompassed three types of data, i.e., 1) collection, transportation, transesterification, and combustion of B5-WCO and B5-PF, and 2) agricultural fresh palm fruit bunch (FFB) production in Malaysia, soybean production in Brazil and Argentina, palm oil and kernel oil mill stages (including refining) in Malaysia, soybean mill stage in Brazil and Argentina, as well as 3) transportation of raw materials in these countries to the farms and oil mill plants along with palm oil and soybean oil transportation to Iran. These data sets are explained in more detail as follows:
(1) Similar data (from scenarios A and B) were used. The only marginal technology assumed in the biodiesel production stage was electricity generation. The marginal source of electricity in Iran was regarded as natural gas and the type of marginal technology was combined cycle power plants (with an efficiency of 60% and electricity distribution losses of 11% as recorded in the year 2016 (Tavanir, 2016) ). The other inputs, biodiesel production technology, and transportation means and distances were assumed not to be affected by differing situations.
(2) The complete inventory for agricultural FFB cultivation, as well as palm oil and palm kernel oil refining in Malaysia were adopted from Schmidt (2007) . However, the inventory for palm oil mill stage was gathered from Ecoinvent v.3.3 database since this inventory was recognized as the most comprehensive inventory on palm oil milling. Since the inventory contains one single process per each co-product, the original economic allocation was undone and processes were unified. The inventory data for agricultural soybean cultivation in Brazil was obtained from Schmidt (2007) , while agricultural soybean cultivation in Argentina was adopted from Ecoinvent v.3.3 database. The inventory data for the soybean mill stage in Brazil was also acquired from Schmidt (2007) , whereas the data published by Dalgaard et al. (2008) were used as the inventory source for the soybean mill stage in Argentina. It should be noted that land use change (LUC) emissions (i.e., emissions attributed to land transformation) were included in the agricultural stage of the applied inventories.
The inventory data related to 1 MJ marginal electricity at the point-ofuse in Malaysia and Brazil were adopted from Schmidt (2007) . This inventory data included the efficiency of the marginal technology and the electricity distribution losses in the grid (Schmidt, 2007) . The marginal electricity in Argentina was defined as natural gas-based electricity produced in combined cycle power plants (with an efficiency of 60% and electricity distribution losses of 14% as recorded in the year 2010 (Energy efficiency report, 2016)). More specifically, they pointed that the soybean mills and transesterification plants were located in the same place at the vicinity of Rosario Harbor and that the distance between the transesterification plants to the port of Rosario was 100 km. The transportation means of soybean oil to the harbor was assumed to be carried out by 28-t trucks. Finally, the transportation of palm oil to Iran was assumed by transoceanic tankers (with an average vessel speed of 15 knots) from Port Kelang to Shahid Rajaee Port (with a distance of 5897 km). Moreover, the transportation of soybean oil from Argentina to Iran was presumably carried out by transoceanic tankers as well (with an average vessel speed of 15 knots) from Rosario Harbor to Shahid Rajaee Port (with a distance of 15829 km).
Life cycle impact assessment (LCIA)
The life cycle impact assessment (LCIA) was carried out using SimaPro 8.4 software. Accordingly, Impact 2002+ method was applied as the LCIA method. The mid-point impact categories included were: non-carcinogens, carcinogens, respiratory organics, ionizing radiation, ozone layer depletion, respiratory inorganics, aquatic ecotoxicity, terrestrial acidification/nitrification, terrestrial ecotoxicity, land occupation, aquatic acidification, aquatic eutrophication, global warming, non-renewable energy, and mineral extraction. These mid-point impact categories were finally structured into the four end-point damage categories of human health, ecosystem quality, climate change, and resources (Jolliet et al., 2003) . It is also worth quoting that the method was updated in some aspects as follows: -Characterization factors for Climate Change damage category was updated based on a time horizon of 100 years reported by Myhre 
Results and discussions
Real-world operation test results: idle-emissions
The properties of the biodiesel fuels produced from WCO and PF were in accordance with the ASTM D6751 standard (data not shown). The results of multivariate analysis of variance (MANOVA) for combustion stage at the lowspeed of the engine under idle condition showed that there was a significant difference between the investigated fuels (i.e., B5-WCO, B5-PF, and diesel) in terms of CO, CO2, and HC emissions at a confidence interval level of 99%. In order to inspect the differences among the treatment means in more details, a post hoc test (i.e., Duncan) was performed and the results are shown in Figure  5 . It should also be noted that all the variables (including the non-significant ones) have been presented in the figure. Accordingly, compared with the petroleum diesel, B5-WCO significantly increased CO2 emissions while ' reduced CO and HC emissions at low-speed of engine under the idle operation mode. This could be ascribed to the higher oxygen content of biodiesel (compared with petroleum diesel) leading to improved combustion efficiency and consequently reduced CO, HC, and PM emissions . Moreover, the B5-PF fuel blend showed no significant difference with petroleum diesel except in the case of CO emissions. In a similar study by Tica et al. (2010) who also investigated biodiesel emissions under idle condition of urban busses, they reported a decrease in CO, CO2, SO2, and soot emissions when B100 was used. However, the authors failed to offer any explanations about the CO2 reduction observed in their study. The results obtained by Bai et al. (2016) were also in line with those of the present study. More specifically, they also reported a decrease in CO and HC emissions when using B10, B20, and B50 (compared with the emissions recorded for B4) on urban busses under idle operation mode.
The results of the MANOVA for the combustion stage at high-speed of the engine under the idle condition showed that there was a significant difference between the investigated fuels (i.e., B5-WCO, B5-PF, and diesel) in terms of the tailpipe emissions of CO2, HC (both at confidence interval level of 99%), as well as O2 and NOx (both at confidence interval . level of 95%). Similar to the results of the low-speed engine operation and in order to inspect the differences among the treatment means under high-speed engine operation in more details, a post hoc test (i.e., Duncan) was performed and the results are shown in Figure 6 . Like in Figure 5 , all the variables (including the non-significant ones) were also included in this figure as well. Accordingly, compared with the petroleum diesel, the B5-WCO fuel blend significantly increased CO2 and NOx emissions while reduced O2 and HC emissions at low-speed of engine under idle operation mode. The increase in CO2 emissions as well as the decrease in O2 and HC emissions could be justified by the impact of biodiesel on improving the efficiency of combustion as previously elaborated. The decreased amount of O2 in the tailpipe emissions could be indicative of oxygen reaction with either/both of C atoms or N2. In this context, increasing temperature values at high-speed engine operation in the idle-mode must have facilitated NOx formation especially for the oxygenated fuels. On the contrary, the B5-PF fuel blend showed no significant differences with the emissions recorded for the petroleum diesel. Moreover, the difference between B5-PF and B5-WCO in terms of O2 and NOx emissions were not significant either. These observations could be attributed to the higher kinematic viscosity of PF biodiesel vs. WCO biodiesel (4.3×10 ). k-value index (absorption) is in fact a measure for smoke opacity in diesel engines (Serrano et al., 2008) . More specifically, smoke opacity instruments measure the optical properties of diesel smoke, providing an indirect way of measuring diesel particulate emissions. In fact, k-value is an indication of engine black carbon emissions throughout low-speed to high-speed idle operation. Therefore, k-value was separately analyzed using ANOVA and the results were reported in Figure 7 . As presented, compared with the petroleum diesel, the B5-WCO fuel blend significantly decreased k-value of the engine under the idle operation mode while there was no significant difference between the B5-PF and diesel fuels. Moreover, the B5-WCO fuel blend was associated with a lower k-value compared with the B5-PF fuel blend. Overall, the differences observed . between the B5-WCO and B5-PF fuel blends for all the measured emissions in both low and high speeds of engine under idle operation mode could be attributed to the differences in their combustion quality mainly caused by the differences in the kinematic viscosity values of the fuels under investigation as previously mentioned. 
ALCA results
The results of the ALCA, i.e., comparative analysis of scenarios A and B are shown in Figure 8 . Based on the results obtained, using 1 L B5-WCO showed a lower environmental burden in human health, ecosystem quality and resources damage categories. While, the situation was opposite for climate change damage category in which 1 L B5-PF had lower impacts on the environment.
When studying the impacts of the tested fuels on human health damage category, it was evident that the combustion stage had the highest share on this impact category with shares of 94.1% and 93.9% for B5-WCO and B5-PF blends, respectively. The results also revealed that B5-PF combustion led to higher emissions compared with B5-WCO. In fact, the higher level of PM emissions (represented by the K-value) was responsible for the higher level of combustion emissions for the B5-PF blend. Following by the combustion stage, diesel production and transportation to the station (referred to as diesel P&T) was ranked second which had the highest impact on human health damage category for the investigated fuel blends, i.e., 5.80% and 5.59% for B5-WCO and B5-PF blends, respectively. Based on the results, emissions from diesel P&T in the B5-PF life cycle stood at 4.78E-07 DALY/FU which was higher than that of B5-WCO. Obviously, this was originated from the higher level of diesel consumption in the B5-PF life cycle. More specifically, in the PF rendering stage, the rendering process is generally performed using watercooking method in which diesel is used for heating water used in the process. This extra amount of diesel consumption was considered in the diesel P&T.
As mentioned earlier, the B5-WCO fuel blend showed a lower impact on ecosystem quality damage category compared with the B5-PF blend. Similar to human health damage category, the combustion stage by 77.10% and 77.31% for the B5-WCO and B5-PF fuel blends, respectively, followed by diesel P&T by 18.92% and 19.05% for the B5-WCO and B5-PF fuel blends, respectively, had the highest shares in the total life cycle emissions in this damage category. More specifically, no difference in the respected emissions was observed for the combustion stage of the fuels investigated. While, the emissions associate with the diesel P&T was higher in the B5-PF life cycle due to the higher level of diesel consumption in PF rendering plants. Moreover, biodiesel production reduced the impacts on this damage category due to the avoided emissions achieved by glycerin production. It is also worth quoting that since the amount of glycerin production was higher for WCO biodiesel, therefore, the reduction achieved was higher for B5-WCO fuel blend compared with the B5-PF fuel blend.
Compared with the B5-WCO fuel blend, the B5-PF fuel blend showed a lower environmental impact when analyzing climate change damage category. Similar to the previous damage categories reported earlier, the combustion stage followed by diesel P&T had the highest shares in the total life cycle emissions of the studied fuels. Based on the data presented in Figure 8 , the impacts of diesel P&T for B5-WCO fuel blend was lower than that of the B5-PF fuel blend. Furthermore, the emissions reduction rate achieved in this impact category through glycerin production in biodiesel production stage was higher for the B5-WCO fuel blend. Nevertheless, what made the B5-WCO fuel blend less environmentally-friendly in this damage category was the combustion stage. More specifically, based on the results obtained in the real-world operation test conducted herein, the B5-WCO fuel blend significantly increased CO2 emissions compared with the B5-PF fuel blend and petroleum diesel. These emissions finally led to a higher global warming contribution and consequently higher climate change impacts in case of B5-WCO fuel blend compared with the B5-PF fuel blend. It is also worth quoting that when calculating the GHG emissions through the course of this study, the often used term of 'biogenic' GHG emissions were not considered for neither of the fuels. This was not taken into account in order to avoid any confusion with respect to the set boundaries as well as uncertainties in the origin of the WCO and the amount of biogenic CO2 emitted through the B5 blends combustion.
The results of resources damage category (Fig. 8) also indicated that lower resources were extracted during the B5-WCO life cycle. More than 99% of the environmental burdens in this damage category was originated from the diesel P&T. Accordingly, the higher amount of diesel consumption in the B5-PF life cycle led to the higher impacts of this fuel blend on this damage category. Overall, the environmental hotspots in the B5-WCO and B5-PF life cycles were identified as the combustion stage as well as the diesel P&T. Therefore, improving the combustion quality of the B5-PF fuel blend by using some additives such as expanded polystyrene and/or using natural gas burners in PF rendering plants could be suggested. Figure 9 illustrate the results of the CLCA of scenarios C and D. The results for human health damage category showed that the B5-WCO fuel blend had a significantly lower environmental impacts on this damage category compared with the B5-PF fuel blend. This was mainly due to the fact that when using 1 L B5-PF fuel blend (Fig. 3) , 52.5 g PF would be removed from the market out of which 17.66 g soybean oil would be imported from Argentina (and also 34.84 g palm oil would be imported from Malaysia) in order to compensate for the oil removed from the market. Importing 17.66 g soybean oil from Argentina would imply a reduction in soybean meal production in Brazil as 92.48 g or in another word, 26.73 g reduction in Brazilian soybean oil production. Although these reductions would imply a reduction in emissions due to a decrease in Brazilian soybean production, the amount of 26.73 g reduced soybean oil in Brazil must be compensated again by palm oil from Malaysia (known as indirect FFB cultivation in Malaysia). This loop would finally iterate against zero and emit more emissions to the environment on this damage category due to the oil compensation by palm oil (the final amount of needed palm oil would stand at 62.35 g) (Fig. 3) . More specifically, the emissions of particulates <2.5 µm (in palm oil mill stage in Malaysia) and ammonia emissions (in FFB cultivation in Malaysia) were responsible for 45% of the environmental burdens in this damage category when analyzing soybean oil imports from Argentina. It should be noted that these indirect emissions, i.e., indirect emission caused by FFB cultivation in Malaysia, were included in soybean oil import from Argentina. The situation was different when using 1 L B5-WCO fuel blend, in which 49.95 g WCO would be removed from the market. This amount of oil removed would finally be compensated for by importing 50.5 g palm oil from Malaysia. It is also worth quoting that the higher level of emissions (attributed to human health) through the combustion stage could be considered as the other reason marking the B5-PF fuel blend as less eco-friendly in this damage category. Thus, improving the combustion quality through using combustion-improving additives would be suggested as a strategy to enhance the overall rating of this scenario.
CLCA results
When studying ecosystem quality damage category, it was evident that the emissions originated from soybean oil import from Argentina as well as those of the combustion stage highlighted the B5-PF fuel blend as less ecofriendly compared with the B5-WCO fuel blend. More specifically, when analyzing soybean oil import from Argentina, it was identified that more Please cite this article as: Rajaeifar M.A., Tabatabaei M., Abdi R., Latifi A.M., Saberi F., Askari M., Zenouzi A., Ghorbani M. Attributional and consequential environmental assessment of using waste cooking oil-and poultry fat-based biodiesel blends in urban buses: a real-world operation condition study. . than 97% of the emissions in this damage category were originated from land occupation through FFB cultivation (indirect FFB cultivation) in Malaysia. This would imply the effect of indirect emissions originated from FFB cultivation in Malaysia in order to compensate for the lower soybean oil production in Brazil (which was the result of increased soybean oil production in Argentina).
Analyzing resources damage category showed that higher amounts of resources were extracted throughout the B5-PF life cycle compared with the life cycle of B5-WCO fuel blend. More specifically, importing soybean oil from Argentina in the B5-PF life cycle was the driving factor for this higher impact on the environment. However, the effect of indirect increase in palm oil production (i.e., indirect FFB cultivation) in Malaysia only had a share of 22.5% out of the total emissions originated from soybean oil import (from Argentina). In fact, the higher amounts of agricultural inputs (i.e., fertilizers and diesel) in soybean cultivation in Argentina could be regarded responsible for this high effect.
The results of climate change damage category however, showed a different trend compared with the above-mentioned damage categories. In further details, compared with the B5-WCO life cycle, the B5-PF life cycle showed a significantly lower contribution to global warming and consequently to climate change damage category. In better words, in comparison with the B5-WCO fuel blend, the lower amounts of GHG emissions by palm oil import from Malaysia as well as the lower GHG emissions from the combustion stage in the B5-PF life cycle were responsible for the lower impacts of the B5-PF fuel blend on this damage category. On the other hand, and based on the data presented in Figure 9 , importing soybean oil from Argentina reduced the climate change impacts by 0.84 kg CO2 eq./FU. This was mainly due to fact that importing soybean oil from Argentina would lead to a reduction in soybean meal/oil in Brazil and consequently, reduced LUC emissions originated from agricultural soybean production in Brazil. It is also worth mentioning that the reduction in LUC emissions originated from reduced soybean cultivation in Brazil was higher than that of increased LUC emissions from the indirect increasing of FFB cultivation in Malaysia in order to compensate for the reduced amount of oil in the market in the B5-PF life cycle (i.e., 26.73 g reduced soybean oil in Brazil must again be compensated for by palm oil from Malaysia).
Finally, and based on the findings of the present study, the selection of B5-WCO fuel blend as an alternative for petroleum diesel could be recommended to policy-makers as an environmentally-friendly strategy. It should be stressed that such a conclusion would be reliable as long as the marginal suppliers of oil would be Malaysia and by introducing another marginal supplier of oil different conclusions might be reached. This is also . true about importing soybean oil (for poultry feed) from other countries rather than Argentina.
Conclusions
The present study was aimed at evaluating the emissions attributed to WCOand PF-based biodiesel when used in urban buses during idle operation mode. Moreover, the attributional and consequential environmental impacts of using B5-WCO and B5-PF fuel blends were also evaluated through a well to wheel LCA by considering the real-world condition combustion data using ten urban buses. The results of the ALCA showed that using 1 L B5-WCO fuel blend could potentially reduce the environmental burdens in human health, ecosystem quality, and resources damage categories compared with using the B5-PF fuel blend. The situation was opposite for climate change damage category in which the application of 1 L B5-PF fuel blend had a lower impact on the environment. Overall, the environmental hotspots in the B5-WCO and B5-PF life cycles were identified as the combustion stage as well as the diesel P&T.
When considering using the B5-WCO and B5-PF fuel blends on a consequential perspective, the results obtained revealed that using 1 L B5-WCO fuel blend could potentially reduce the environmental burdens in human health, ecosystem quality, and resources damage categories. While, the situation was different for climate change damage category in which the application of 1 L B5-PF fuel blend had a lower impact on the environment. Finally, it could be concluded that the application of the B5-WCO fuel blend as an alternative for petroleum diesel could be an environmentallyfriendly decision at the policy level. It is needless to mention that these recommendations would be different if the marginal suppliers of oil would be different from the countries considered in the present study, i.e., Malaysia and Argentina.
